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Abstract 
The measurement of moisture sorption isotherms is of great importance in the fields of food and agricultural 
engineering. Although the static gravimetric method is still commonly used, automated instruments for the 
determination of sorption isotherms have been designed to overcome some of the drawbacks associated with the 
standard method. The dynamic vapour sorption (DVS) is a modern technique which can produce sorption data with 
high accuracy under controlled conditions in a short period of time. The method was examined and validated by 
measuring the equilibrium moisture contents of lemon balm herb (Melissa officinalis L.) and Shiitake mushroom 
[Lentinula edodes (Berk.) Pegl.] at a temperature of 25 °C in the range of 0-95% relative humidity. The experiments 
were performed in triplicate for a total of fifteen target values of relative humidity. A „parallel exponential kinetics” 
model (PEK-model) was used to evaluate the change in mass during the adsorption process of each relative humidity 
step. Additionally, the GAB model was tested for its effectiveness to describe the equilibrium MC/RH data of both 
products. The PEK-model fitted adequately to the experimental sorption kinetic data over the entire range of relative 
humidity. Sigmoid characteristic curves, type II pattern were obtained, as indicated by the C and K values of the 
GAB model. Differences in the hygroscopic characteristics of the two products tested were ascribed to differences in 
nature of the material.  
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1.Introduction 
Lemon balm (Melissa officinalis) is a perennial herb of the family Lamiaceae, cultivated for its 
characteristic lemon-scented leaves. Shiitake [Lentinula edodes (Berk.) Pegl.] mushroom is one of the 
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most commonly cultivated medicinal species which is recommended as an addition to one’s daily diet. A 
preliminary step for the manufacturing of convenient or pharmaceutical products includes dehydration by 
convection in order to achieve the required moisture content for further processing. Both materials are 
implemented mainly in the dried form for several purposes in the food and pharmaceutical industries due 
to their flavouring, medicinal and therapeutic properties. A knowledge of the equilibrium relationship 
between the moisture content (MC) in the material and the relative humidity (RH) of the atmospheric 
surroundings at a given temperature is of great importance. This relationship, known as sorption isotherm, 
predicts the physical, chemical and microbiological changes which can occur during drying, processing 
and storage. Many methods to establish sorption isotherms usually rely on the principle described in a 
study published by Spiess and Wolf [1]. The static gravimetric method using thermally stabilized 
desiccators filled with saturated salt solutions provides accurate measurements, however, the time 
required to reach equilibrium can be extremely prolonged (>1 month), especially at the upper end of the 
sorption isotherm. In particular at higher target values of relative humidity (>75%), possible spoilage of 
the sample may result in inexact data [2].  
Recently, automated devices for the determination of sorption isotherms have been constructed to 
overcome some of the drawbacks associated with the standard gravimetric method. For instance, the 
dynamic vapour sorption (DVS) is a relatively new technique designed to measure the weight change 
caused by adsorption or desorption of the water vapour at any desired relative humidity in a short period 
of time. It has been applied to measure the sorption properties of microcrystalline cellulose [3], lactose 
[4], wood [5] and fibres [6].  
For the optimisation of the method, a work documented by Kohler et al. [7] proposed an empirical 
equation, defined as the “parallel exponential kinetics” model to characterise the sorption kinetics of 
cellulosic fibres by assuming two parallel, independent first order processes. However, limited studies on 
sorption isotherms have been reported in the fields of food and agricultural engineering using a dynamic, 
gravimetric and fully controlled system [8, 9, 10]. Comprehensive reviews on the sorption isotherms of 
foodstuffs have been reported in the literature [11, 12]. Among the several empirical, semi-empirical and 
theoretical equations for moisture sorption isotherms, the Guggenheim-Anderson-de Boer (GAB) 
equation has been widely accepted as one of the best models to describe the equilibrium MC/RH data of 
foods [13, 14].  
Consequently, the objectives of the current work were i) to validate and optimise the dynamic vapour 
sorption method by investigating the sorption kinetics of two different tissues such as lemon balm herb 
and shiitake mushroom at a temperature of 25 °C and ii) to describe the adsorption isotherm of each 
material using the GAB model. 
2.Materials and Methods 
2.1.Material 
Fresh lemon balm (Melissa officinalis L.) leaves, cultivar Citronella and shiitake [Lentinula edodes 
(Berk.) Pegl.] mushroom caps were used for the experiments. The samples were dried in a laboratory 
dryer, kept packed in aluminum coated polyethylene bags and stored at ambient conditions before the 
determination of sorption isotherms.   
2.2.Sorption apparatus 
The adsorption isotherms of the samples were measured by dynamic vapour sorption at the Reutlingen 
Research Institute, Reutlingen University, Germany using a gravimetric DVS-1000 analyzer (Surface 
Measurement Systems Ltd., London, U.K.). The instrument essentially consists of a Cahn microbalance 
with two sample crucibles made of quartz and a humidifier in a temperature controlled chamber. One of 
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the crucibles is used as a reference whereby the other contains the sample to be analyzed. A stream of dry 
and wet nitrogen gas flows along the crucibles. The relative humidity of the mixture is regulated by two 
electronic mass flow controllers. The apparatus is computer controlled, allowing pre-programming of the 
set conditions and the continuous measurement of temperature, humidity and mass during the 
experiments. 
2.3.Experimental procedure 
A pre-dried sample with a mass of 12.9±1.7 mg was used for each experiment. The adsorption 
isotherms were determined at temperatures of 25 °C by exposing the material to different values of 
relative humidity within the range of 0 and 95%. Each sample was first dried by exposure to dry nitrogen 
until a constant weight was reached. Then, the relative humidity was subsequently increased stepwise 
whereby the sample weight was equilibrated at each step. Mass, temperature and humidity data were 
recorded in two minute time intervals. Equilibrium was considered to have been reached when the change 
in mass was less than 0.001 mg/min or the equilibration time had exceeded 360 min. To obtain the 
adsorption isotherms the moisture content of the sample in gram water per 100 gram dry solids (g/100 g 
d.b.) was directly provided by the equilibrium values of each relative humidity step. The measurements 
were performed in triplicate at a total of fifteen target values of relative humidity. 
2.4.Moisture sorption kinetics 
The evaluation of mass gain during the adsorption process was based on the assumption of two 
parallel, independent sorption processes (slow and fast) by fitting the PEK model to the experimental 
data. Each target relative humidity level was evaluated separately by considering the initial time t0=0 and 
sample mass M0=0. The mathematical form of the PEK model is given as:  
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where Mt is the mass at regular intervals (mg), t is the time (min), M1 and M2 are the masses at 
equilibrium and t1 and t2 are the characteristic times for the two parallel sorption processes. 
2.5.Moisture sorption isotherm 
The GAB equation is usually written in the form: 
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where Xe is the moisture content of the material in gram water per gram dry solids (g/g d.b.), Xm is the 
monolayer moisture content, aw is the water activity (RHe/100), C and K are coefficients. 
2.6.Statistical analysis 
 The values of the parameters were determined by fitting the models to the experimental data using the 
non linear squares procedure (Matlab v. R2010b, Mathworks, Inc.). The goodness of fit was evaluated by 
R-squared (R2), sum of squares due to error (SSE) and mean relative squared error (RMSE). A good fit 
was considered when high values of R2 and low values of SSE and RMSE were obtained.  
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3.Results and Discussion 
The experimental procedure performed to construct the adsorption isotherms of lemon balm leaves (A) 
and shiitake mushroom caps (B) by the dynamic vapor sorption method at 25 °C is shown in Fig. 1. The 
dry reference mass was established for both materials in approximately 16 hours. The effect of relative 
humidity on adsorption can be observed as an increase in mass. The time required for all samples to reach 
equilibrium was up to 6 hours except those ones equilibrated at values of relative humidity higher than 
90% which exhibited longer periods. Particularly, the equilibrium values of moisture content for shiitake 
after exposure to 90 and 95% of relative humidity were achieved between 6 and 20 hours. The data from 
the adsorption profile were further used to estimate the equilibrium moisture contents at the different 
target values of relative humidity.  
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Fig. 1 Drying curve and equilibrium moisture adsorption profiles of lemon balm herb (A) and shiitake mushroom (B) exposed to 
different target values of relative humidity at 25 °C 
The PEK-model fitted the experimental sorption kinetic data adequately over the entire range of 
relative humidity. In particular, examples of the mass gain for lemon balm herb and shiitake mushroom at 
two relative humidity steps, 10% (A) and 80% (B) are shown in Fig. 2.  
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Fig. 2. Experimental sorption kinetics of lemon balm herb and shiitake mushroom at 10% (A) and 80% (B) relative humidity fitted 
by the PEK model 
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The characteristic curves consisted of two different sorption mechanisms with slow and fast uptake of 
water. Table 1 presents the computed equilibrium values M1 and M2 and the characteristic times t1 and t2 
associated with the slow and fast kinetic processes respectively. 
 
Table 1. Estimated parameters of the PEK model for lemon balm herb and shiitake mushroom 
Parameter Target relative humidity 
 10% 80% 
 Herb Mushroom Herb Mushroom 
M1  0.8416 0.6475 2.684 5.309 
t1      88.34 68.73 36.62 62.46 
M2   0.7027 0.5706 0.1853 1.307 
t2      12.34 9.119 7.249 27.24 
R2 0.9989 0.9983 0.9997 0.9999 
SSE 0.01587 0.0135 0.01703 0.02801 
RMSE 0.009497 0.008757 0.009835 0.01262 
 
 
The mean values of the equilibrium moisture content at each relative humidity step obtained from a 
triplicate experiment for the two products are listed in table 2. The standard deviations of these 
measurements varied from 0.15 to 5.58 g/100 g d.b. for lemon balm, and varied from 0.08 to 4.23 g/100 g 
d.b. for shiitake. In general, adequate precision was observed for all target values of relative humidity up 
to 90%. On the contrary, less precise results were obtained at 95% relative humidity due to the large 
number of data which might have caused experimental noise. The reason for the unexpected inaccuracy 
can be speculated from the extremely prolonged time to reach equilibrium (approximately 1200 min). 
 
Table 2. Experimental sorption data for lemon balm herb and shiitake mushroom from triplicate experiment 
Relative humidity 
% 
Equilibrium moisture content 
g/100 g d.b. 
 Herb Mushroom 
3 1.62±0.20 1.29±0.25 
5 2.36±0.16 1.89±0.34 
10 3.95±0.15 3.17±0.54 
15 4.83±0.17 3.92±0.65 
20 5.55±0.26 4.62±0.73 
30 7.04±0.29 6.29±0.85 
40 8.52±0.44 8.92±0.65 
50 10.07±0.63 12.25±0.47 
60 11.94±0.78 16.05±0.08 
70 14.74±0.73 22.25±0.34 
75 16.76±0.89 26.85±0.36 
80 19.63±1.14 33.46±0.32 
85 23.99±1.61 43.42±0.43 
90 31.69±2.53 62.91±3.29 
95 51.97±5.58 120.41±4.24 
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For a more accurate use of the experimental sorption data, the GAB equation was fitted to these. Fig. 3 
shows the mean values of the results (points) and predicted curves (solid lines) for lemon balm herb and 
shiitake mushroom at 25 °C. According to Blahovec [15] the GAB parameters, K and C should fulfill the 
following requirements in order to describe a sigmoid shape curve of the Brunauer classification, type II: 
0 < K  1, while C > 2. The obtained curves represent the characteristic sigmoid shape of the type II 
pattern isotherm indicating relatively small amounts of water at low values of relative humidity and 
exhibiting an asymptotic trend as the relative humidity approaches 95%. This trend of the sorption 
behaviour of both materials can be confirmed by the calculated GAB parameters.  
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Fig. 3. Experimental sorption data of lemon balm herb and shiitake mushroom at 25 °C fitted by the GAB model 
     The GAB parameters for the herb and mushroom along with the relevant statistical data are 
summarized in table 3. As expected, the equilibrium moisture contents of herb leaf as well as the 
mushroom cap increased with relative humidity at constant temperature. Nevertheless, different 
hygroscopic characteristics were observed between the two tissues which can be attributed to the 
differences in nature of the material. 
 
Table 3. Estimated coefficients of the GAB model for lemon balm herb and shiitake mushroom 
Coefficient Material 
 Herb Mushroom 
Xm 0.04748 0.071 
C 30.05 5.629 
K 0.9551 0.9911 
R2 0.9955 0.9996 
SSE 0.001238 0.000576 
RMSE 0.00976 0.006657 
 
Both products showed similar sorption behaviour at low relative humidity, however, the mushroom 
absorbed more water at higher values of relative humidity due to its porous structure. The equilibrium 
values of moisture content calculated by the model for the herb and mushroom at the hygienically safe 
water activity of 0.6 were 10.9 and 15.6 g water per 100 g dry solids. In other words, to avoid microbial 
growth at 25 °C, the herb and mushroom are recommended to be stored at a maximum moisture content 
of 10 and 14% wet basis respectively. Moreover, the Xm values predicted by the GAB equation for lemon 
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balm herb and shiitake mushroom were about 5 and 7 g/100 g d.b. respectively. The value for shiitake 
was lower than the value obtained by Khallufi et al. [16] for a freeze dried sample. As far as the lemon 
balm leaves are concerned, due to the lack of published data, the value of monolayer moisture was 
compared with the value computed by Park et al. [17] from the desorption isotherm of mint leaves 
(Mentha Crispa L). The slightly lower value reported in this study can be explained by the hysteresis 
effect between adsorption and desorption.  
4.Conclusion 
The dynamic vapour sorption method has been successfully employed for the determination of the 
adsorption isotherms of lemon balm leaves and shiitake mushroom caps. The DVS apparatus produced 
equilibrium moisture content data in the entire working range of relative humidity. The PEK model fitted 
adequately the experimental sorption kinetic data for all relative humidity steps. Two different kinetic 
processes were revealed corresponding to slow and fast sorption sites. Sigmoid characteristic curves, type 
II pattern were obtained as interpreted by the C and K values of the GAB model. Differences in the 
hygroscopic characteristics of the two products tested were ascribed to differences in nature of the 
material.  
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